Layered graphene/silica heterostructures may become interesting materials in nanotechnology with yet unknown properties. We have attempted here to intercalate graphene into a silicatene/Ru(0001) interface. The experimental results obtained by x-ray photoelectron spectroscopy, low energy electron diffraction, infrared reflection-absorption spectroscopy, and scanning tunneling microscopy suggest the formation of a well-ordered hybrid structure consisting of a single-layer silicatene on top of a silicon carbide monolayer adsorbed on a metal substrate.
Introduction
Thin silica films are one of the key materials in many modern technological applications. Recent progress in fabrication of well-defined, ultrathin silica films on metals opened up opportunities for fundamental studies of silica surfaces. [1] The structural motif of such films is a hexagonal layer of corner-sharing [SiO 4 ] tetrahedra (so called "silicatene"). A single-layer silicatene is bound to a metal support through Si-O-Metal linkages [2] . When supported on noble metal substrates such as Ru (0001) and Pt(111), a double-layer silicatene is formed which is weakly bound to the support via dispersive forces [3] [4] [5] . There are certain topological similarities between silicatene and graphene [6] . Apparently, a high flexibility of the Si-O bonds in silica provides an additional degree of freedom while adopting the most stable structure.
Combining these two (graphene and silicatene) materials in one system could, in principle, result in hybrid structures of yet unknown, but potentially interesting properties. Although there were few attempts to support graphene on a thermally grown SiO 2 /Si(111) substrate using lithography techniques [7] , interaction of graphene with silicon (silica) has been addressed only recently. Wang et al. [8] observed that Si rapidly diffuses from the multilayer graphene surface to the graphene/SiC(000-1) interface upon heating. The reason the Si intercalated and did not form a new stable SiC layer remained unclear. On the basis of density functional theory (DFT) calculations, Kaloni et al. [9] suggested an intercalation mechanism where Si migrates through atomic defects of the graphene sheet. Using scanning tunneling microscopy (STM) and x-ray photoelectron spectroscopy (XPS), Mao et al. [10] showed that Si intercalating the graphene grown on Ru(0001) not only weakens the interaction of graphene with the metal substrate but also retains its superlative properties. With the aid of DFT calculations and STM, Cui et al. [11] proposed another intercalation mechanism, in which the penetration of Si through the graphene lattice is facilitated by a Si-C exchange process. Recently, Lizzit et al. [12] have reported insulation of epitaxial graphene on Ru(0001) by its sequential exposure to silicon and oxygen, which resulted in an amorphous thin silica film between the graphene and the metal as judged by XPS. However, the atomic structure of the silica formed underneath the graphene was not established. Finally, Huang et al. [13] reported accidental formation of a double-layer silicatene on graphene during chemical vapor deposition of graphene on copper foil.
Corresponding DFT calculations suggested that graphene hardly forms covalent bonds with a silica layer, albeit exhibits some stabilizing effects.
The present work was carried out in attempts to fabricate well-defined graphene/silicatene layered structures on a metal substrate. Since silicatenes are commonly prepared on metal supports by oxidation of a Si overlayer at very high temperatures [1] , graphene does not survive under these conditions and ultimately decompose via gasification into CO and CO 2 . To overcome this issue, it is near at hand to reverse the preparation process and start with silicatene as a substrate for the subsequent deposition of graphene. In particular, our recent studies showed that, similar to graphene/metal systems, the interface between a double-layer silicatene and a Ru(0001) surface can readily be intercalated by metallic atoms [14] as well as gas molecules such as CO and D 2 [15] . In this work, we report on the results only obtained for double-layer silicatene.
Materials and methods
The experiments were performed in an ultra-high vacuum (UHV) chamber equipped with a low energy electron diffraction (LEED), infrared reflection absorption spectroscopy (IRAS), XPS, and STM. The IRA-spectra (Bruker IFS 66v) were recorded using p-polarized light at 84° grazing angle of incidence (resolution 4 cm -1 ).
XP-spectra were obtained with the commercial x-ray (Mg K  = 1253.6 eV) source and Scienta SES 200 analyzer at normal electron emission (typical resolution 200 meV).
The binding energies (BE) of core levels were referenced to the Fermi edge of a Ru substrate.
The bilayer silicatene films were grown on Ru(0001) as described in detail elsewhere [5] . Briefly, silicon is vapor deposited onto oxygen precovered 3O(2×2)-Ru(0001) surface at ~100 K, followed by oxidation at ~ 1200 K in 10 -6 mbar O 2 . Exposure to gases at pressures in the mbar range was performed in a separate cell, connected to the UHV chamber through a gate valve. After the treatment, the cell is pumped out down to 10 -8 mbar and the sample is transferred back to the UHV chamber. Ethylene (C 2 H 4 , 99.5%, from Linde) was used as supplied.
Results and discussion.
Before we address the results, it is instructive here to recall the characteristic fingerprints of silicatene on metals, in particular on Ru (0001) level [19] used for large-gap semiconductors and insulators, such as silica and alumina. In the absence of considerable structural changes for a weakly bound silica film during gas adsorption, as judged here by IRAS, the BE shifts reflect changes in the work function of a metal support. Such a behavior has previously been observed for the O atoms directly bonded to the Ru(0001) surface underneath the film [16] . Figure 3 shows that the signal at 530 eV, associated with the O ad-atoms on Ru in the "as prepared" sample, disappears upon ethylene exposure. Solely oxygen desorption would cause the BE shift by about 0.8 eV [16] at most, i.e. much smaller than 1.9 eV observed. On the other hand, the shift is very close to the difference in the work functions of the 3O(2x2)-Ru(0001) and C/Ru(0001) surfaces (i.e. 6.4 and 4.5 eV, respectively) [20, 21] . Therefore, one may conclude that the Ru(0001) surface is covered by carbon (and/or carbonaceous) species upon ethylene exposure at elevated pressures. Certainly, ethylene can only dissociate on the Ru(0001) surface.
Ethylene either adsorbs in macroscopic "holes" in the film, thus exposing a Ru (0001) support, or penetrates through the large "pores" in the amorphous silicatene as previously demonstrated for CO [15] . In the next step, the sample was annealed in UHV to the temperatures commonly used for graphene formation on Ru(0001) [22] . Annealing at 1100 K for 3 min resulted in substantial structural changes. Notably, the annealed film became well-ordered, showing sharp (2x2) diffraction spots (Fig. 1c) . In good agreement with LEED, STM images (Fig. 4) revealed domains with a honeycomb-like structure with a ~ 5.5 A periodicity, which are separated by defect lines mostly consisting of large depressions assigned to the large N-membered rings [6, 23] . No Moire-like superstructures are observed in LEED and STM, otherwise expected for the formation of graphene adsorbed on Ru(0001) [10, 11] . (Fig. 3) shows that the amount of oxygen is decreased by a factor of ~2, whereas the total amount of Si in the system remains the same, although it splits in two, almost equally populated species. The high BE signal (at ~104 eV) remains assigned to Si in the 4+ state, and its shift may, again, be associated with the work function change. Regarding the low BE signal at ~101 eV, XPS studies available in the literature on Si-based materials allow us to assign this peak to Si cations coordinated to C like in silicon carbide [24] [25] [26] .
Therefore, the XPS results suggest that about a half of oxygen ions in the silicatene are replaced by carbon upon UHV annealing. The extent of such substitution depends on the ethylene exposure time. In the samples studied, both original and new IR bands showed an inverse relation without substantial shift (see Fig. S2 in the SI). The intensity of new bands is proportional to the amount of Si in the low BE state,
i.e. in Si-C environment. These results are indicative for the phase coexistence of the carbon-containing and the pristine silicatene layers, the former expands in area until it covers the whole surface.
In double-layer silicatene, there are three non-equivalent oxygen species (see In principle, the multi-valency of carbon allows all or some C atoms in the bottom layer to form bonds with the Ru surface. This would have a stabilization effect and result in better film ordering as observed by LEED (Fig. 1) . Indeed, good crystallinity of single layer silicatenes grown on Mo(112) [2] and Ru(0001) [5] is primarily driven by strong Si-O-Metal bonds leading to an epitaxial registry with a metal surface. Also our recent study of Fe-doped silicate films [27] showed promotional effect of Fe ions in the bottom layer on film ordering.
This analysis allows us to propose the structure, depicted in Fig. 5b , which fits well the experimental results obtained so far. In fact, the proposed structure is nothing else but a single layer silicatene placed on top of a SiC-like monolayer formed on Ru(0001). Beside the above-discussed arguments based on LEED and XPS data, The model, depicted in Fig. 5b , is very similar to those proposed by Heinz and coworkers [28] for ultrathin silica films grown on SiC(0001), shown in Fig. 5c for comparison. Depending on surface termination of SiC, i.e. either C or Si, two structures were suggested on the basis of I/V LEED measurements. Further DFT study [29] showed that in the case of C-terminated surface, both the Si 2 O 3 and the Si 2 O 5 models have roughly the same formation energy, whereas the Si 2 O 5 model is energetically much more favorable on the Si-terminated surface. The DFT-calculated structural parameters were in excellent agreement with the LEED results.
Conclusions
In attempts to intercalate graphene into a silicatene/Ru(0001) interface, we have fabricated a well-ordered hybrid structure consisting of a single-layer silicatene on top of a silicon carbide monolayer adsorbed on a metal substrate. The structure reported here may be interesting for metal/oxide/semiconductor (MOS) systems. The formation of a high quality oxide layer on SiC is a key requirement for MOS devices based on this material [30, 31] . In addition, thin films of silicon oxycarbides, i.e.
having Si coordinated both to C and O, were shown to exhibit many interesting, particularly optical, properties [32, 33] . We believe that the observed hybrid structure may provide a basis for development of new generation two-dimensional systems with unique properties
In addition, the results show that fabrication of sandwiched graphene/silicatene structures on a metal substrate seems to be hardly possible by synthesis based on an intercalation approach. Perhaps, sedimentation of graphene and silicatene "flakes" could be more feasible for those objectives. However, in contrast to graphene, reliable preparation of free-standing silicatene remains unknown.
